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ABSTRACT
Ultrasound RF signal, backscattered from an
inhomogeneous parenchymal tissue has the character of a random
signal. It is the random fluctuating nature of this signal that is
responsible for the speckle pattern observed in the images. These
random signals, nevertheless, bear information related to the random
scattering structure of the medium. Statistical moments of the signal
can serve as feature parameters that are related to mean scatterer
spacing in the random structure. However, such a feature is biased
because the statistical nature of the RF signal depends, not only on
the random tissue scattering structure, but also on the resolution cell
volume of the imaging system, which in turn depends on the center
frequency fo and bandwidth df of the interrogating short pulse and
beam pattern of the transducer. The major goal of this project was
three fold.
(1) To develop a 3 dimensional comprehensive model of the
random tissue structure characterized by a mean scatterer spacing.
The interscatterer spacing and scattering strengths were random
variables with a defined probability density function.
(2) To develop a procedure to simulate backscattered RF signal
from the model in response to various interrogating ultrasound
pulses. The simulation procedure takes into account the 3-D nature
of the resolution cell volume and its effect on the RF signal.
(3) To develop a procedure to extract statistical parameters from
the signal as a function of resolution cell volume. A feature
parameter that is extracted from the analysis is related to the mean
scatterer spacing, and is independent of the imaging system's point
spread function. The procedure was based on recent theoretical
prediction by Sleefe et.al.[14] and therefore implicitly this work has
attempted to verify the theoretical results.
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1. INTRODUCTION
The ability to
" see"
the internal organs of the human
body in the form of the image, bearing a one-to-one correspondence
to the anatomy involved, is a powerful diagnostic tool of modern
medicine. Although tissue is opaque to visible light, the body is
relatively transparent to other forms of radiation, such as X-rays,
nuclear particles, and ultrasonic waves. Of course, only the ultrasonic
waves are nonionizing, thus presenting much less risk of undesirable
damage to both patient or examiner during exposure [1]. Ultrasound
is the term applied to mechanical pressure waves with frequency
above 20kHz. We will briefly review the physical principles of
ultrasound waves and the ultrasound images in following sections.
1.1. Propagation
The sound energy used in medical diagnostic equipment
travels through the body in the form of a longitudinal wave, that is,
one in which the particle motion is the in the same direction as the
wave propagation. This type of wave is the same as the human ear
hears as sound. Transverse wave, in which the particle motion is
perpendicular to the direction of wave propagation, have not been
used for medical diagnosis because of the extremely high attenuation
for such wave in biological media.
Sound waves are generated and detected by a
piezoelectric transducer, which is a device capable of converting
electrical energy to acoustical energy and vice versa. The speed of
propagation v of longitudinal waves in the liquid medium is
determined by the "elastic" properties of that medium, specifically its
mean density p and bulk modulus B, through the equation.
v =
Vb7p"
(1 1}
1.2 Attenuation
Another important physical aspect of sound waves is its
attenuation as it propagates through a medium. As sound propagates
intensity I generally diminishes with distance of propagation z
according to :
l = l0exp(-2cc(f)z) (12)
where Io is intensity at z=0
a(f) is the amplitude attenuation coefficient in nepers per
centimeter, which is frequency dependent. (1 dB/cm=8.686
nepers/cm)
Generally for soft tissue the attenuation coefficient increases
approximately linearly with frequency, i.e. a(f)=ocof [2].
1.3. Contrast
In an optical image a structure distinguishes itself from
surrounding structures by variation in reflectivity, attenuation, color,
"texture", and index of refraction. In acoustics, exactly the same
sources of contrast are available although only attenuation,
reflectivity, and texture are commonly employed in current
instrumentation. Attenuation difference between various body
structures are most important for those instruments which provide
transmission images of the body. Reflectivity, the most important
contrast agent for those instruments which provide reflection images
of the body, is used here in the narrow sense of an absolute
reflection coefficient at a plane boundary between two different
media. Reflectivity is determined, for structures larger than a few
wavelengths, by the characteristic impedance of the two adjoining
layers. The characteristic impedance of a material Z, an acoustic
concept analogous to the concept of impedance in electricity, is
defined as the product of material density, p and sound speed v, as
in
Z=pv
R =
fZ -Z ^
2 1
vz2
+ zv (1.3)
The power reflection coefficient R for a normally sound beam
traveling from a medium with impedance Zi into with impedance Z2
is given by above equation. The greater the difference of the
impedances of the adjoining tissues, the greater the amount of
energy reflected from the boundary.
1.4. Ultrasound and B-Scan Image
The basic idea behind using ultrasound to form an image
is to map the level of backscattered sound wave into shades of gray.
If we refer to the situation shown in panel (a) of figure 1 and look at
the backscattered ultrasound by using an oscilloscope to monitor the
output of the transducer, we would see the trace shown in panel (b).
This standard view shows sound propagating from transducer (T)
through the chest wall,between a pair of ribs, through the another
wall(AW) of the right ventricle, through the cavity of the right
ventricle(RV), into the interventricular septum(IVS), through the
cavity of the left ventricle(LV), into the posterior wall(PW) of the left
ventricle. The aortic(AO) and mitral valves(M) are also shown in
panel(a). The output of the transducer would appear on an
oscilloscope as shown in panel(b) : echo #1 is the transmit pulse
b)
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Fig. 2 A block diagram of a
simple B-scan system
applied to the transducer to the launch sound into body. The
transmit pulse is typically on the order of 100V or more. Echo #2
occurs due to the acoustic impedance mismatch between the fat and
muscle of the chest wall and the tissue forming the anterior
wall(AW). The continuous low level signal between echo #1 and #2
is the backscatterer occurring due to local acoustic impedance
mismatches within the chest wall. Echo #3 is due to the acoustic
mismatch between the heart tissue and the blood in the
ventricle(RV). The low level signal between echoes #2 and #3 occurs
due to the backscatterer from within the wall of the heart. The
period of no returned signal between echoes #3 and #4 corresponds
to the scattering of sound by blood as the pulse traverse the cavity of
the ventricle. The rest of panel(b) shows the specular echoes from
the various blood/tissue interfaces and the lower level scattering
from within the tissue as the pulse of ultrasound traverses the heart
[3].
B-Scanning, or brightness mode scanning, provides a two-
dimensional, cross sectional reflection image of the object that is
scanned. A B-Scan image is formed by sweeping a narrow acoustic
beam through a plane and positioning the received echoes on a
display such that there is a correspondence between the display scan
line and the direction of acoustic propagation in the tissue. Generally
the same transducer is used to both send and receive the acoustic
signals. A fundamental feature of a B-Scan image is that one of the
dimensions is inferred from the arrival time of echoes of a short
acoustic pulse as they reflect from structures along a (presumed)
straight-line path. Signals received from structures close to the
transducer arrive earlier than signals received from the structures
far from the transducer. The other (transverse) dimension is
obtained by moving the transducer (either physically by mechanical
means or apparently by electronic means) so that a different straight
line path through the object is interrogated by another short acoustic
pulse. The process is continued until the entire object region of
interest is scanned. Some means of tracking the propagation path
through the object is required in order to unambiguously define the
image. A block diagram of a generalized B-Scanner is shown in Fig.2.
An electronic pulser excites a transducer so that a short burst of
ultrasound is generated. Acoustic signals reflected from objects in
the acoustic path impinge on the transducer, are converted to
electronic signals, and processed for display.
2. SYSTEM POINT SPREAD FUNCTION
The system point spread function is the impulse response
of the imaging system. For example, if a single point scatterer is
used as an impulse, then the image of this scatterer is the PSF of the
system. The PSF is determined by the beam pattern and pulse
width. The size of the PSF in the transverse or scanning direction
depends on the beam pattern and in the axial direction depends on
the pulse width.
2.1. Beam Pattern
The intensity distribution in an ultrasonic field emitted
by a transducer can be described using Huygen's principle, which
states that the radiant energy at any point in the medium is
equivalent to that due to a distribution of simple sources selected in
phase and amplitude to represent the physical situation. The
emitting surface of a transducer can be considered as a series of
small transducer each emitting spherical waves. The interference
between these Huygen's waves from the various vibrating elements
determines the overall shape of the ultrasonic field [4]. The
ultrasonic field is generally considered as consisting of two regions,
namely, the Fresnel region close to the transducer face and the
Fraunhofer region(the far zone). The field in the far zone may be
considered to be plane over distance comparable with wavelength.
For a circular transducer, the directivity function or the normalized
beam pattern B(r,zo) at a distance zo, continuous wave case, is given
by
B(r,Z0)=2J1(x)/X where
X =
'27cf0d r ^
(2.1)
where fo is center frequency, d is the diameter of the transducer, zo
is axial distance from the transducer, c is the acoustic sound speed, J]
is Bessel's function of the first kind, and r is distance from axis.
In the far zone, the beam pattern can be approximated
by the directivity function. If two scatterers are separated by a
distance smaller than the beam width, then they will not be resolved
in the final image.
2.2 Pulse Width
The pulse width is half width of envelope of a short
interrogating pulse that is sent into the tissue. The pulse width is in
general inversely related to the bandwidth df of the Fourier
transform of the pulse. If the pulse width is smaller than the
distance between the scatterers, the backscattered signal will show
all scatterers in final image without any overlap.
2.3 Resolution Cell
The resolution cell is the volume of material within which
the interaction providing the echo take place [5]. It is helpful to
consider the resolution cell is the volume formed by revolving the
envelope of the displayed pulse about the central axis along which
the pulse-echo system is operating. This is shown in figure 3 for a
Fig.3 Resolution cell
circular element transducer. It has a teardrop shape which depends
on the beam width in the lateral direction and pulse width in the
axial direction. Since the beam pattern is approximated by the
directivity function in the far zone, it shows that the beam width
depends on the center frequency fo and the transducer diameter d.
If a Gaussian frequency spectrum is assumed for the short pulse, the
pulse width depends on the center frequency fo and the band width
df of the pulse. Therefore, the resolution cell volume can be varied
by changing fo and df.
Since the PSF of the system is determined by the beam
pattern and pulse width, and the resolution cell volume depends on
the beam width and pulse width, changing the resolution cell volume
will change the PSF of the system.
3. SPECKLE
3.1 Speckle
There is a granular appearance in ultrasound imaging,
known as "speckle". Ultrasound speckle results from the coherent
accumulation of random scatterings from within the resolution cell,
which contains a random distribution of scatterers, as it is scanned
through the phantom. Figure 4 illustrates the production of speckle
in single-pass scanning.
Transducer
'
Certral aiis of beam
Resolution cell
Q ^"Scattered spherical iravelet
Scatterers |
(tvo of many) i
Fig.4 Production of speckle in single-pass scanning
Although of random appearance, speckle is not random in the same
sense as, e.g. , electrical noise. For example, when an object is
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scanned twice under exactly the same conditions in the ultrasound
imaging, one obtains identical speckle patterns. If the same object is,
however, scanned under different conditions, say different
transducer aperture, pulse length, or transducer angulation, the
speckle pattern are different [6].
3.2 Probability Density Function of Speckle
Due to our lack of knowledge of the detailed microscopic
structure of the tissues from which the ultrasound wave is
backscattered, it is necessary to discuss the properties of speckle
pattern in statistical term.
Ultrasound speckle results from the coherent interference
of random scatterings from within the resolution cell as it is scanned
through the phantom. The accumulation can be described
geometrically as a random walk of component phasors. when the
number of scatterers within one resolution element is large and the
phases of the scattered waves are distributed uniformly between 0
and 2k the same results as in the optical imaging are obtained by
using random walk analysis [7]. Since the transducer is amplitude
sensitive rather than intensity sensitive, and B-scan detection senses
the envelop of the echo of the transmitted sinusoidal signals (RF
signals), the magnitude a is the quantity of interest in the ultrasound
imaging. The magnitude a obeys a Rayleigh distribution, and its
probability density function is
P(a) =
a
e-a2/2o-25ifa>()2
a
O,otherwise (3.1)
1 1
Where o =< a2 >-< a >2, depends on the mean-square scattering
amplitude of the particles in the scattering medium. The signal-to-
noise ratio (SNR) is a constant
0.5
SNR=<a>/a= fe) =1.91 (3.2)
If an additional sinusoidal signal with constant amplitude A is
combined with a Rayleigh RF signal, the revised distribution is Rician
distribution [8], Its probability density function has the form
P(a) =
2 2 2
a -(a +A )/2a T .-Aa^ . r A
~Te J(-2-),ifa>0
a " o
0,o t herwise (3 3)
where Jo is the Bessel function of the first kind, zero order.
The expectation value of the random variable a, also
referred as the mean mi is defined as
E(a) = JaP(a)da=m1 (3.4)
The higher (kth) order central moments are defined as
mk = r({a- m)k]= J(a- m^P^da (3.5)
For a zero mean random variable, the Kurtosis K is defined as
K=E[a4]/(m2)2 (3.6)
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where m.2 is the variance.
The values of the moments give information about the
shape of the distribution and density functions. The higher the order
of the moment, the grater is the contribution to it by the tails of the
density function, hence, the more information it gives about the
nature of the tails.
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4. OBJECTIVE
4.1 Background
One of the characteristic features of medical ultrasound
pulse-echo images is the so called "Speckle" pattern that prevades
the entire scene. It is widely held that individual scattering
elements in object [6]. Whether or not the speckle is indeed
artefactual, the plain evidence, as seen in clinical scans, is that the
speckle pattern is influenced not only by the imaging system but also
by the actual structure being scanned. Developing methods to
extract from the image data, the statistical parameters that define
the random tissue structure can prove to be potentially very useful
tissue characterization tools. This idea stems from the fact that the
normal tissue architecture is disrupted in several focal disease
process of many organs such as liver and spleen. One such
parameter that has shown some promise is the random scatterer
number density, or the "mean scatterer
spacing"[9].
Several authors have successfully applied the concept of
laser speckle to the generation of echographic images [10]. The
analogy of narrow band ultrasound pulses to coherent light is quite
obvious if one realizes that the ultrasound transducer produces
coherent waves as well [11]. The consequence is that the far field of
the transmitted ultrasound can be analyzed according to the
Farunhofer diffraction theory [12], while at reception the transducer
acts as a phase sensitive receiver. These authors brought the
analogy further by transfering the term
"speckle"
and they derived
the first order gray level statistics of the echographic images in the
limit of a high density of scatterers in a tissue (or a small correlation
distance in the inhomogeneous continuum tissue model). Wagner et.
14
al. [11] derived the second order statistical properties of the
echograms by analyzing the two-dimensional autocorrelation
function of the images, thereby defining the average speckle size in 2
dimensions.
The signature of random scattering from the tissue, also
appears on the backscattered RF signal. The propagation of
ultrasound in parenchymal tissue is fundamentally a statistical
process. Both the RF and envelope detected signals of backscattered
echoes can be analyzed using standard stochastic signal theory. For
completely random scatterers, the envelope of the RF detected signal
is characterized by Rayleigh distribution. Fellingham and Sommer
have shown that the "mean scatterer spacing", a parameter derived
from analysis of the backscattered signal correlates well with the
histological feature [9]. Kuc has proposed using Kurtosis (based on
2nd and 4th statistical moments of the RF signal) as a possible
parameter [13]. Sleefe and Lele, based on a discrete scatterer model,
have shown that the "scatterer number density
(SND)"
can be
estimated from Kurtosis if the resolution cell volume is known [14].
They find that the SND estimator is given by
SND=
FmFs
(K-3) (4.!)
where Fm and Fs are medium and system dependent constants
respectively, and K is the Kurtosis.
These parameters are defined as
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K=E[r4]/E2[r2] (4.2)
Fm=E[a4]/E2[a2] (4.3)
Fs =
JjB4(r,z0)h4(t)27trdrdt
c{J|B2(r,z0)h2(t)27irdrdt}:
(4.4)
where c is the nominal acoustic sound speed, and E[] denotes
probabalistic expectation. E[r] and E[a] refers to statistical moments
of the backscattered signal r(t) and the random scatterer reflection
strengths. Fs depends on the point spread function of the system,
and therefore it is related to the beam pattern B(r,zo) and the
interrogating pulse h(t).
It is straight forward procedure to calculate kurtosis K
from the RF signal. Clearly the estimation of SND from kurtosis, K,
requires the knowledge of measurement of two more parameters, Fs
and Fm. Fm is a parameter that also depends on the properties of the
medium. Their work assumed scattering strengths to be zero-mean
Gaussian distributed, and therefore they used Fm=3. The system
dependent factor, Fs, was calculated from the measured beam
pattern and pulse width of a short pulse.
4.2 Objective
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If one can change the resolution cell volume of the
system, and therefore Fs, then this additional variable, can, not only
provide a better unbiased estimate of SND, it can also throw some
light on the assumptions made for setting Fm=3. In the conventional
short pulse imaging, it is difficult to change the pulse and beam
width without changing the transducer.
In this project we consider the use of a frequency
modulated (FM) pulse for imaging and tissue characterization, with
specific application to the above mentioned problem. With such an
FM pulse, the resolution cell volume can be changed in real time, by
simply changing the center frequency fo and the sweep width df.
The details of imaging process with such a pulse is described in the
next section.
Scatterer number density (SND) is one of the features of
the random tissue structure that can be estimated from the analysis
of the backscattered data. In has the potential to serve as an
important feature parameter in ultrasound tissue characterization.
The major goal of this project was three fold.
(1) To develop a 3 dimensional comprehensive model of the
random tissue structure characterized by a mean scatterer spacing.
The interscatterer spacing and scattering strengths were random
variables with a defined probability density function.
(2) To develop a procedure to simulate backscattered RF signal
from the model in response to various interrogating ultrasound
pulses. The simulation procedure takes into account the 3-D nature
of the resolution cell volume and its effect on the RF signal.
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(3) To develop a procedure to extract statistical parameters from
the signal as a function of resolution cell volume. A feature
parameter that is extracted from the analysis is related to the mean
scatterer spacing, and is independent of the imaging system's point
spread function. The procedure was based on recent theoretical
prediction by Sleefe et.al. [14] and therefore implicitly this work has
attempted to verify the theoretical results.
18
5. PROCEDURE
5.1. Imaging with FM Pulse
The technique known as pulse compression is the corner
stone in the developing such a method [15]. Fig.5(a) is a long
duration frequency modulated (FM) pulse synthesized on an IBM-PC.
The frequency has swept from 1 MHz to 4 MHz in 40 microseconds.
FM Pube
16 24
Th>e (ta)
200
<D 100
o
e
< -100
-200
Compressed Pulse
2 4 6
Time (i&)
8 10
Fig.5(a) Fig. 5(b)
The process of pulse compression is basically just a
method of delaying difference frequency components of this pulse by
different amounts so that they all will have a maximum at t=0.
Mathematically, the process of the correlation performs the delay
operation [16]. Auto-correlation of the FM pulse shown in Fig.5(a)
will produce a short compressed pulse shown in Fig.5(b). The
amplitude of this compressed pulse is higher than the amplitude of
the FM pulse by a factor that depends on the sweep time and the
19
bandwidth. The width of the compressed pulse depends on the
sweep bandwidth only. Fig.6 is a block diagram showing where this
postprocessing is incorporated. The symbol " o
"
stands for digital
cross-correlation process.
PM)
R CD- Pulse
Compression s(t;
-> Tissue Impulse
Response
N(t)
S(t) = P(t)*N(t) Compressed pulse
R(t) = P(t) o S(t) = P(t) o P(t)'N(t)
Fig. 6
The usefulness of this technique as a post processing step
is illustrated in Fig.7 with a computer simulation. P(t) is the FM
pulse that is transmitted into the medium. The backscattered signal
S(t) received by the transducer is the convolution of P(t) with the
medium impulse response N(t). This signal is of no use for imaging
because of its poor resolution. But if we cross correlate this signal
S(t), with the input FM pulse P(t), we will obtain the desired signal
R(t). In fact R(t) is the signal we would get if we used compressed
pulse as the interrogating pulse.
20
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If we compare response from FM imaging with response
from a short pulse imaging, the results as far as the resolution is
concerned are almost identical if fo (the center frequency) and
bandwidth df are the same.
5.2. Theoretical Simulation
A computer model described by Kuc et. al. [17] for
simulated reflected signals from a three dimensional random
medium is used. The algorithm has been modified to incorporate
change in the resolution cell volume as the function of fo and df. The
simulation model is composed of a transducer model and that of the
medium. The former provides a description of the field of view,
while the later specifies the probability laws governing the random
scatterer amplitude and location.
a. Transducer Model
21
The common clinical transducer having a circular
aperture is considered. The impulse response of the system at the
range Z and distance r from the axis is denoted by h(z,r,t).
Generating A-line signal coming from 3 dimensional tissue located at
a range Zo is of interest here. The beam pattern is denoted by
B(r,zo), and it is assumed to possess radial symmetry. The field of
the transducer is partitioned into a set of cylinders or microbeams,
which are parallel to the axis of the transducer, as shown in Fig. 8.
Fig.8
The radius of the microbeams is determined by the mean spacing of
the scatterers, S. The beam cross section is divided into a set of
annuli of constant thickness, equal to the mean scatterer spacing S.
The center radius of annulus k is then rk=(k-l)S, for 1< K < Na, where
NA=[ B(z0)/S + 0.5 ] (5.1)
where the bracketed quantity denotes the value truncated to the
nearest integer. A set of microbeams, each having diameter S, is
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then packed into each annulus. The number of microbeams in the k
th annulus is
NJk) = (2*r k/ S) = [2*(k - 1)],f o r2 < k < NA (5 2)
with Nm(1)=1. A random reflector sequence will then be generated
for each microbeam, as described below.
b. Stochastic Model of Random Scatterers
The tissue was modeled as a set of scatterers which have
random reflecting strengths and randomly located within each
microbeam. The microbeam approximation constrains the separation
between the independent special sequences to be approximately
equal to the mean spacing S. This allows the use of one dimensional
probability function to describe the random space in 3 dimensions.
Wn, the strength of the nth scatterer, follows a Gaussian
probability function of zero mean and standard deviation 0.5. Within
each microbeam the distance in the range between scatterers j-1 and
j is also a random variable, with an exponential probability density
function with a mean value of S. Governed by these two probability,
one generates the reflector sequence from the jth microbeam in the
kth annulus, denoted by mkj(t).
N
M
m (t)= Xwn5(t-tn)
KJ n=1 (5.3)
Assuming that the detection process of the transducer is linear, the
total reflected signal is equal to the sum of the contributions from
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each microbeam. Since the microbeam within a given annulus are
equidistant from the axis, their reflector sequences can first be
added and then the annular sum can be convolved with the reflector
impulse response of the transducer appropriate for the given
annulus. The composite backscattered signal r(t,zg) is then equal to
N
r(t,z0)= S
k=!
( N
M
h(rk,z0,t) * Smk (t)
V j=i (5.4)
Because of the radial symmetry one can write the impulse response
h(rk,zo,t) as B(rk,zo)h(t), where B(rk,zo) is the relative value of the
beam pattern at radius rk and h(t) is the interrogating pulse.
An approximation is made here that the frequency
content of the incident pulse does not change across the beam, only
its amplitude varies and this variation is called the beam pattern
B(rk,zo). In the Fraunhofer zone, B(rk,zo) can be approximated by
Bessel function (see equation(2.1)).
N N
A M
r(t,z0) = h(t)* IB(rk,z0). Im (t)
k=1 i=1 (5.5)
One insight produced by this model is that there is an
interesting asymmetry between the effects of the beamwidth B and
mean spacing S on the number of scatterers present in mx(t,zo). For
a given value of S, the number of annuli Na increases with B, that, in
turn, increases the number of microbeams Nm- This is equivalent to
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scanning a particular object(e.g. liver) with two transducers, identical
except for beamwidth. As S decreases, however, for a given value of
B, not only do Na and Nm increase, but the number of scatterers in
each microbeam also increases. This is equivalent to using the same
transducer to scan a normal liver and a liver affected by a condition
which increases the number of scattering interfaces per unit volume.
5. 3.Envelope Detection
Since B-scan detection senses the envelope (the
parameter which is displayed on the video screens of medical
ultrasound scanners) of the echo of the transmitted RF signals, and
the envelope may be shown to obey a Rayleigh probability density
function, it is useful to characterize tissue by the statistical
properties of the envelope. In this study the envelope detection is
carried out by using a sum of Hilbert transform. Hilbert transform of
a signal is defined as
iH[R(t)], t=l,2,....,n/2
H[R(t)]= [ 0, t=0 (5.5)
-iH[R(t)], t=n/2+l,...., n-l
H[R(t)]= IR(t)exp(-27ciyr))t = 0, 1, n - 1
i=o (5.6)
where R(t) is the signal, H[R(t)] is the Hilbert transform of R(t).
Hence, the envelope, E(t) , of signal is
E(t)=l R(t)+jH[R(t)] I (5.7)
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5.4. Procedure
Figure 9 is a block diagram showing how the tissue impulse
response is obtained and figure 10 shows the steps of computation.
Transducer
Model
INPUT '. Mean Scatterer Spacing
Beam Radius
Compute Number Of
Annulus N .
J
Compute Number Of
Microbeams In K th
Annulus Nm
Matrix NAX 512
Tissue
Model
1
Generate Random Number
I
Generate Gaussian
Distribution
TISSUE IMPULSE RESPONSE
Fig. 9
26
INPUT : Tissue Impulse
Response
J
Beam Pattern
I
FM Pulse
Backscattered Signal
Pulse Compression
^
Envelope Detection
i
Statistical Analysis
Statistical Analysis
Fig. 10
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The details of procedure are stated as following:
1) Procedure is carried out for mean scatterer spacing S=0.3
mm, transducer diameter 24 mm, acoustic sound speed
1 .56xl06mm/s, and observation distance of 50 mm. The
lowest frequency considered is 1 MHz, and therefore the
maximum value of rk is set equal to 2.0 mm, the distance
where B(rk,zo) hits its first zero. The geometry of the
microbeams is set by these two parameters.
2) A statistically independent realization of the random
reflector sequence for each microbeam in a given annulus
is generated, as described by equation(5.3). The number
of annulus Na is calculated by using equation(5.1), and
the number of microbeams in kth annulus Nm described
by equation(5.2) is then computed. After a set of
random number, using as the location for a set of
scatterers within each microbeam, is generated, the
reflector strength is generated according to a Gaussian
distribution with zero mean and standard deviation of
0.5 { Fig. 11 }. All time function, e.g. mkj(t) and h(t) , were
modelled as discrete sequence with sampling interval
dt=0.05 us. The total length of mkj(t) was 512 point
which corresponds to 26.6 us of two ways travel
time. This is equivalent to approximately 2 cm of tissue
in axial direction.
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3) All the sequences corresponding to the same annulus k is
added together and then weighted by the value of the
beam pattern at the radius rk. The beam pattern is
approximated by the directivity function B(r,zo)
(equation(2.1)}, as shown in Fig. 12.
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4) The contribution from all annuli is added together to
form the composite reflector sequence! Fig. 13]
-1.78
3.88
Conposite Reflector Sequence
Center Frequency 1 MHz
Bandwidth = 8.5 MHz
Mean Scatterer Spacing=.3nn
9. 88
Tine (us >
27 .8
E 8
Fig.13
5) This sequences is then convolved with a frequency
modulated pulse(FM pulse) h(t) {Fig. 14} to produce the
backscattered signal {Fig. 15], which is then correlated
with h(t) ( pulse compression step) to produce the radio
frequency signal (RF signal) shown in Fig. 16 . The
interrogating FM pulse has two parameters, the center
frequency fo and the bandwidth df. These parameters
are determined from the power spectrum.
6) After pulse compression, the statistical analysis is carried
out by calculating Kurtosis, which is from 2nd and 4th
moment as
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K =
5Ir4(idt,z0)/[r2(idt,z0)]2
i=l (5.8)
FM PULSE
Center Frequency 1 MHz
Bandwidth 8.5 MHz
Mean Scatterer Spacing 0.3 Mm
Fig. 14
BACXSCATTERED SIGNAL
Center Frequency = 1 MHz
Bandwidth = 8.5 MHz
Mean Scatterer Spac i ng=8 . 3nn
" 5
1 -5.88
15.8 25.8
Ti ne (us >
Fig.15
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En we I ope
Center Frequency 1 MHz
Bandwidth 8 .5 MHz
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7) The sum of Hilbert transform of RF signal is used here to
obtain the envelope of RF signal, as shown in Fig.17.
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8) Finally, the statistical analysis is performed on the
envelope of RF signal. That is, computing signal-to-noise
ratio (SNR) and Kurtosis from the envelope.
9) The " volume " parameter Fs was also calculated for every
combination of center frequency fo and bandwidth df,
using equation(4.4). Numerical integration was carried
out using the calculated beam pattern (an example in
Fig. 12) B(r,zo) and compressed pulse h(t) (autocorrelation
of the FM pulse).
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6. RESULTS
6.1 FM Pulse Parameters
The entire procedure (1) to (6) is repeated for 20
different statistical realization of RF signal for each the seven
combinations of center frequency fo and bandwidth df, as shown in
Table 1. Therefore, for each combination, 20 values of Kurtosis K are
obtained. The mean and the standard deviation of those 20 values
are then calculated. The seven combination of center frequency and
bandwidth are used to change the resolution cell volume.
Starting
Frequency
MHz
sweep
Rate
-enter
"req.
MHz
Hand
width
MHz
ruise
Width
u s
tfeam
Width
m m
' Volume " Kurtosis I
m ni * * - 3 Mean S.D |
0.0002 1 0.5 1.6 1.59 0.42 2.S8 0.4 8 5
0.0004 2 1.02 0.8 0.81 3.19 3.18 0.41
0.025
0.0006 3 1.57 0.5 0.53 10.63 3.8 3 0.98
1
0.0008 4 2.12 0.4 0.41 26.16 4.68 0.85
0.0002 2 0.5 1.6 0.83 1.55 2.99 0.48
0.0004 3 1.02 0.8 0.55 6.89 3.48 0.96
0.0006 4 1.57 0.5 0.41 18.49 4.10 0.74
Table 1
The table 1 presents the results for analysis done on a
scattering model with mean scatterer spacing S=0.3 mm. It is
necessary to explain some terms in the table 1 before going to detail
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discussion. The staring frequency and sweep rate come from
generation of FM pulse which is used in this study. The FM pulse is
generated by
P(t) =SIN[2 7ct(fs+bt)]EXP[-(t-t0/2)2/2G2l
where fs is staring frequency, b/2 is sweep rate, to is the total time
duration of the pulse, and G is a constant that controls the Gaussian
width of the pulse envelope. The center frequency is determined
from the power spectrum of FM pulse. The bandwidth is obtained by
computing the width of the power spectrum of FM pulse at the level
of 50% total peak height. The power spectrum was computed by FFT
algorithm. The pulse width is the width of a short compressed pulse
which is the auto-correlation of the FM pulse. The beam width is
determined from equation(2.1) and
"volume"
parameter Fs is
calculated from equation(4.4) by performing the integration
numerically.
6.2 Analysis On The RF signal
Figure 18 is a plot of Kurtosis K as a function of
"volume"
parameter Fs for the mean scatterer spacing S=0.3 mm, based on the
data from the table 1. Each point is an average value of Kurtosis
from 20 independent RF A-line data. The
"volume"
parameter Fs
depends inversely on the resolution cell volume. The dependence is
linear, confirming the theoretical prediction of equation(4.1). The
slope, according to the theory, depends on (Fm/SND) and the intercept
should be 3. Fm is the ratio of 4th moment to the square of 2nd
moment of the random variable
a- where a; are the scattering
strengths (equation (4.3)). In our simulation, a; are modelled as
Gaussian distributed, therefore it is reasonable to assume Fm=3 [13].
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If we assume Fm=3, then scatterer number density (SND) can be
estimated from the measured slope. A linear least square fit to the
data gives us an intercept of 2.94 and a slope of 0.0672 mm"3, as
shown in Fig. 19. The intercept is close to expected value of 3. The
Fit: y=aX+b
a 6.72483E-2
b 2.944.67E8
e a
Original Data solid
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scatterer number density (SND) is estimated from the slope and is
found to be 44 scatterers per (mm)3. The results are good
considering that a discrete model is used. It is expected to give
better results on real data.
Center
Freq.
MHz
Band
Width
MHz
" Volume "
Parameter
mm**-3
Model
0.23 mm
Model
0.55 mm
Kurtosis Kurtosis
Mean S.D Mean S.D
1 0.5 0.42 2.86 1.50 3.00 U.5 3
2 1.02 3.19 3.18 1.43 3.46 0.7 1
3 1.57 10.63 3.65 1.74 5.69 1 .37
4 2.12 26.16 4.59 1.79 6.58 1.19
2 0.5 1.55 3.02 I.SS 3.12 9.7C
3 1.02 6.89 3.31 ).73 4.83 1.16
4 1.57 18.49 3.98 1.72 5.56 1.13
Table 2
To further evaluate this procedure, two additional sets
were performed on models with S=0.55 mm and 0.23 mm. The
results are presented in table 2. Once again, linear dependence is
confirmed as shown in Fig.20 and Fig.21. In the limit of very large
resolution cell volume or Fs approaching 0, K approach of value of 3.
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The table 3 summarizes estimated scatterer number density (SND)
from all models.
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Model Intercept
Slope
mm**-3
SND
ScaUerers/mm* *3
0.23 mm 2.91 0.0630 4 8
0.30 mm 2.94 0.0672 4 4
0.55 mm 3.29 0.1372 2 2
Table 3
Model
Estimate
Mean Scatterer Spac ng
0.23 mm 0.29 mm
0.3 mm 0.30 mm
0.55 mm 0.39 mm
Table 4
Finally, mean scatterer spacing S was estimated from the
SND by assuming on the average one scatterer per cylinder of
diameter S and height S. For S=0.3 mm model, the estimated value of
S turns out to be 0.30 mm. Table 4 is the summary of estimated
value of S for all three models.
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After examing figures, espectically figures 20 and 21, we
feel that first 5 of 7 data points may be more useful in linear fit.
Therefore, kurtosis K vs "volume" parameter Fs is ploted for all three
different models by using only first 5 data points, as shown in Fig.22.
The table 5 and 6 present the summary of estimated value of SND
and S, based on 5 data points, respectively.
6.0
Mean scatterer spacing S
O 0.55 mm
? 0.3 mm
A 0.23 mm
25 I I I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I 111 I I I
01 23456789 10 11
Parameter Fs (mm"3)
Fig.22
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for 5 points
Model Intercept
Slope
mm* *-3
SND
SeaUercr s/m m * *3
0.23 mm 2.88 0.0706 4 3
0.30 mm 2.85 0.0920 3 2
0.55 mm 2.75 0.2804 1 1
Table 5
Model
Estimate
Mean Scatterer Spacing
0.23 mm 0.31 mm
0.3 mm 0.34 mm
0.55 mm 0.48 mm
Table 6
6.3 Analysis On The Envelope Of RF Signal
In addition, the entire procedure (1) to (8), except (6), is
also repeated for 20 different statistical realization of the envelope of
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RF signal for each the seven combinations of center frequency fo and
bandwidth df. Hence, for each combination 20 values of Kurtosis K
and signal-to-noise SNR are calculated. Table 7 shows the average
values of K and SNR from 20 data for each the seven combination of
fo and df.
Center
Freq.
MHz
Band
Width
MHz
"
volume
"
parameter
m m * * -3
Model
0.23 mm
Model
0.3 mm 0.55 mm
Kurtosis SNR Kurtosis SNR Kurtosis SNR
Mean SD Mean SD Mean SD Mean SD Mean SI) Mean SI)
1 0.5 0.42 2.60 LSI 1.97 3.24 2.84 o.so 2.03 1.30 2.89 1.80 1.95 0.23
2 1.02 3.19 3.31 0.94 1.86 0.18 3.43 1.73 1 .76 1.14 3.51 0.90 1.75 0.19
3 1.57 10.63 3.91 .36 1.70 1.17 4.79 .90 1.59 0.21 4.93 2.37 1.19 0.13
4 2.12 26.16 5.13 .52 1.51 0.13 5.44 .70 1.30 0.11 4.73 1 .40 1.01 O.Ifi
2 0.5 1.55 3.07 1.99 1.92 0.22 2.89 l.Jfi 1.89 0.24 2.93 1.63 1.90 0.31
3 1.02 6.89 3.36 .25 1.82 0.27 4.37 2.24 1.70 >.22 4.61 2.27 1.37 0.1 f.
4 1.57 18.49 0.44 .30 1.63 0.18 4.67 .36 1.42 0.14 4.30 1.46 1.14 0 1 1
Table 7
Figure 23 is a plot of signal-to-noise ratio (SNR) as a
function of
"volume"
parameter Fs. According to theoretical
prediction, the SNR should be 1.91 for fully developed speckle, which
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is 30 to 50 scatterers/mm3 in general [18]. Figure 23 shows that SNR
decreases with the increase of Fs. Since the
"volume"
parameter Fs is
inversely related to resolution cell volume, the SNR decreases with
the decrease of resolution cell volume. In the limit of very large
resolution cell volume or Fs approaching 0, the speckle approach of
fully developed state. That is, SNR reaches 1.91.
Figure 24 is a plot of Kurtosis K as a function of
"volume"
parameter Fs for the mean scatterer spacing S=0.3 mm, based on the
data from envelope of RF signal. It shows there is a linear
relationship between K and Fs. The intercept is
2.72 and is
relatively close to the theoretical value of 3.25.
The slope is 0.2068
mm -3. How the slope is related to the scatterer number density SND
and mean scatterer spacing S are need to further study. But the data
strongly suggest that possible relationship exist.
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7. CONCLUSION AND FURTHERWORK
7.1 Conclusion
A 3 dimensional comprehensive model of random tissue
structure characterized by a mean scatterer spacing was developed.
The interscatterer spacing and scattering strengths were random
variables with a defined probability density function.
A procedure to simulate backscattered RF signal from the
model in response to various interrogating ultrasound pulse was
developed. The simulation procedure takes into account the 3-D
nature of the resolution cell volume and its effect on the RF signal.
A procedure to extract statistical parameters from the
signal as a function of resolution cell volume was developed. A
feature parameter that is extracted from the analysis is related to
the mean scatterer spacing, and is independent of the imaging
system's point spread function.
A frequency modulated pulse was used as an
interrogating pulse, and the resolution cell volume was varied over a
wide range. Kurtosis was calculated from RF signal. The plots of
Kurtosis versus resolution cell volume dependent parameter Fs
confirm the theoretical predictions. The scatterer number density
(SND) and the mean scatterer spacing (S) can be estimated from the
measured slope. Parameters extracted from such a plot may prove
to be useful in characterizing the random scattering medium.
7.2 Further Work
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(1) In this study, the data of Kurtosis and signal-to-
noise ratio from the envelope of RF signal are presented. The further
study and analysis on those data are need, espectically the
relationship between the slope and mean scatterer spacing.
(2) The strengths of scatterers in the tissue model have
a Gaussian distribution with zero mean and standard deviation of 0.5
in this study. What if the strengths of scatterers have a Gaussian
distribution with non-zero mean and different standard deviation?
The further investigation could be persued in that direction.
(3) In this study, the attenuation effect was not taken
into account. Since the attenuation coefficient is a function of
frequency, the attenuation effect reduces the amplitude of
backscattered echo and changes the shape and the location of pulse.
The reduction of the echo amplitude can be easily corrected by the
time grain control (TGC) of imaging processing system. It is the
changes of pulse shape and location, caused by frequency dependent
attenuation effect, that make the system shift variant. Then, the
backscattered signal can not be computed by a simple convolution
process. Therefore, a shift variant system modelling is needed to
deal with attenuation effect.
(4) A FM pulse was used as an interrogating pulse in
this work. One reason we use FM pulse was to be able to change the
resolution cell volume by changing fo and df. There are other ways
of changing the resolution cell volume using short pulse as an
interrogating pulse. This can be done, for example in an imaging
system with phased-array transducers. The effective size of
transducer can be varied by varying the number of elements that
are fired in the phased-array transducers. It results in a change of
resolution cell volume. Therefore, in future work one can compare
46
the results obtained from using short pulse with the results from this
work.
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